In this study, the temporal and spatial variations of groundwater drought using a Standardized Groundwater Level Index (SGI) were analyzed based on 40 monthly groundwater level observation wells from 1989 to 2012 in Jiangsu Province, China. Meteorological drought, calculated by the Standardized Precipitation Index (SPI), was also included to reveal its propagation and impact on the groundwater drought process. Results showed that the southern region of Jiangsu faced more frequent groundwater droughts and lower intensity, while the northern region faced less frequent groundwater drought with higher intensity. Furthermore, the cross-correlation between the spatial average of SGI and SPI for SPI accumulation periods of q = 1 to 12 was computed. The relationship between SGI and SPI varied in different regions. Detailed analysis of the characteristics of groundwater and meteorological drought for each region showed that meteorological droughts happened more frequently than groundwater drought in Jiangsu Province during the study period, while the mean duration and mean magnitude of groundwater droughts were longer and larger than those of meteorological droughts. It is expected that this study will provide useful information for drought monitoring and mitigation in Jiangsu and similar areas.
Introduction
Natural droughts are recurring phenomena that affect all components of the water cycle [1] . It is commonly considered that drought originates from precipitation deficiency and propagation through the hydrological cycle. Different types of physical drought can therefore be defined depending on the hydrological variable considered. Three types have been defined by Wilhite and Glantz [2] : meteorological drought, agricultural drought, and hydrological drought.
Groundwater drought, which is a type of hydrological drought characterized by sustained low groundwater levels, reduced baseflow, and reduced flows to springs and groundwater-fed rivers and wetlands [3, 4] , has profound adverse impacts on water resources such as groundwater discharge to the groundwater-dependent surface waters and ecosystems, and also affects public water supply, industry supplies, and agricultural irrigation [5] .
The causative mechanisms of groundwater drought are complex. Generally, groundwater drought originates from meteorological drought, which lack of precipitation combined with higher evaporation rates propagates through the hydrological cycle, into soil moisture depletion and eventually into the The precipitation datasets were obtained from China Climate Dataset (http://data.cma.cn/). This study selected 11 national meteorological stations. Monthly precipitation records for the period of 1957-2012 are available. For consistency between precipitation and groundwater level datasets, the precipitation records during the period from 1989 to 2012 were used in this study. The locations of the selected national meteorological stations are shown in Figure 1 . In addition, detailed information of these stations is listed in Table S1 . The long-term annual average precipitation of Jiangsu Province is 1017.53 mm. Precipitation falls frequently between spring and summer; the annual mean precipitation is 800 to 1200 mm from north to south, concentrated mostly in the summer (Figure 2 ).
The Quaternary strata are widely distributed and the thickness of the unconsolidated deposits increases from west to east. The Quaternary sediments are primarily composed of sandy silt, medium-coarse sand, and medium-coarse sand with gravels, with some clay and loam interlayers [17] . According to the climate and geographical conditions, the study area was divided into four regions, namely, the northwest region (NW), the northeast region (NE), a central region, and the south region. The NW region, which mainly includes Xuzhou City, is located in the Huai River Basin and not adjacent to the sea. The NE region, which mainly covers Lianyungang City, Suqian City, the northern part of Huai'an City, and the northern part of Yancheng City, is mainly located in the lower Huai River Basin. The central region, which mainly covers the southern part of Huai'an City, Yangzhou City, the northern part of Taizhou City, and the southern part of Yancheng City, is mainly located in the plain of the Yangtze-Huai Rivers. The south region, which mainly covers Nanjing City, Zhenjiang City, Changzhou City, Wuxi City, Suzhou City, the southern part of Taizhou City, and Nantong City, is mainly located in the Yangtze River Delta. Summary information is given in Table 1 . To create a representative groundwater level database for the plain of Jiangsu Province, groundwater observation from 80 wells across the study area were collected from Geological Survey of Jiangsu Province. For most wells, the observation frequency is about five days, six times per month for each well. Yet the quality and length of the observation data range widely between stations. The groundwater level records range in length from 6 to 24 years. The groundwater level records for most stations are complete and standard from 1989 to the end of 2012 and were selected for the long-term variation analysis of this study. A total of 40 groundwater level wells across the plain of Jiangsu Province were selected. Time series with 10% or more of the data missing for the total period of the series were excluded and missing data were linearly interpolated. The monthly groundwater level records from January 1989 to December 2012 were used. In addition, detailed information of these stations is listed in Table S2 . Figure 3 shows the contour of annual mean groundwater level for 1989-2012 in the study area. The long-term annual average groundwater level is 7.84 m, and the corresponding water table depth is 1.72 m. Generally, the groundwater in Jiangsu flows with topography from the northwest to the southeast toward the sea and the groundwater velocity is relatively very slow with a hydraulic gradient of about 2/10,000 [17] . The groundwater level is relatively high in Xuzhou City at 37.16 m and low in Yancheng City at 0.31 m. The lowest groundwater depth is found in the central region, with a range of 0.45 to 1.5 m; the largest depth is found in the southern region, mainly in Changzhou city, with a range of 3.5 m to 4.5 m, while the majority depth in the rest of south region is in the range of 1 to 2 m. The depths in the NW region are mainly in the range of 2 to 3 m and in the NE region To create a representative groundwater level database for the plain of Jiangsu Province, groundwater observation from 80 wells across the study area were collected from Geological Survey of Jiangsu Province. For most wells, the observation frequency is about five days, six times per month for each well. Yet the quality and length of the observation data range widely between stations. The groundwater level records range in length from 6 to 24 years. The groundwater level records for most stations are complete and standard from 1989 to the end of 2012 and were selected for the long-term variation analysis of this study. A total of 40 groundwater level wells across the plain of Jiangsu Province were selected. Time series with 10% or more of the data missing for the total period of the series were excluded and missing data were linearly interpolated. The monthly groundwater level records from January 1989 to December 2012 were used. In addition, detailed information of these stations is listed in Table S2 . Figure 3 shows the contour of annual mean groundwater level for 1989-2012 in the study area. The long-term annual average groundwater level is 7.84 m, and the corresponding water table depth is 1.72 m. Generally, the groundwater in Jiangsu flows with topography from the northwest to the southeast toward the sea and the groundwater velocity is relatively very slow with a hydraulic gradient of about 2/10,000 [17] . The groundwater level is relatively high in Xuzhou City at 37.16 m and low in Yancheng City at 0.31 m. The lowest groundwater depth is found in the central region, with a range of 0.45 to 1.5 m; the largest depth is found in the southern region, mainly in Changzhou city, with a range of 3.5 m to 4.5 m, while the majority depth in the rest of south region is in the range of 1 to 2 m. The depths in the NW region are mainly in the range of 2 to 3 m and in the NE region they are mainly in the range of 1 to 2 m (Table 1) . It can be inferred that groundwater is closely connected with precipitation.
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Drought Indices
Standardized Precipitation Index
The Standardized Precipitation Index (SPI) was developed by McKee et al. [18] to characterize the wetness and dryness conditions of a region based on the departure of the monthly precipitation estimate from their (average) normal value. Computation of the SPI involves fitting a gamma distribution to long-term precipitation records for a given accumulation period (typically at 3, 6, 12, 24, or 36 months). This fitted distribution is then transformed into a standard normal distribution and the estimated standardized values combined to produce the SPI time series. McKee et al. [18] also arbitrarily defined drought intensity according to the values of the SPI (Table 2) . SPI has been used widely to characterize meteorological drought and has recently been promoted by the WMO as the reference index for meteorological drought [19] . 
Index Value
Class SPI ≥ 2 Extremely wet 1.5 ≤ SPI < 2 Severely wet 1 ≤ SPI < 1.5
Moderately wet 1 < SPI < 1 Near normal 1.5 < SPI ≤ 1 Moderate drought 2 < SPI ≤ 1.5
Severe drought SPI ≤ 2 Extreme drought 
Method
Drought Indices
Standardized Precipitation Index
The Standardized Precipitation Index (SPI) was developed by McKee et al. [18] to characterize the wetness and dryness conditions of a region based on the departure of the monthly precipitation estimate from their (average) normal value. Computation of the SPI involves fitting a gamma distribution to long-term precipitation records for a given accumulation period (typically at 3, 6, 12, 24, or 36 months). This fitted distribution is then transformed into a standard normal distribution and the estimated standardized values combined to produce the SPI time series. McKee et al. [18] also arbitrarily defined drought intensity according to the values of the SPI (Table 2) . SPI has been used widely to characterize meteorological drought and has recently been promoted by the WMO as the reference index for meteorological drought [19] . McKee et al. [18] suggested that the procedure of SPI can be applied to other variables relevant to drought, e.g., stream flow or groundwater. In addition to the gamma distribution, a range of other distributions (including those related to the gamma distribution) have been used to normalize [20, 21] , beta distributions and nonparametric approach kernel densities for soil moisture [22, 23] , log-normal for runoff [24] , and six three-parameter distributions (lognormal, Pearson Type III, log-logistic, general extreme value, generalized Pareto, and Weibull) for streamflow [25] .
Like many other hydrological time series, the distributions of monthly observed groundwater levels may not conform to a gamma distribution. However, due to the impact of auto-correlation, long-term trends, or human activities, groundwater level time series appear to be particularly irregular in the form of their distribution of monthly groundwater levels [12] . For example, the distribution of SGI calculated from groundwater level for #0029 groundwater observation in Yancheng City in June from 1989 to 2012 fitted gamma distribution well but failed to pass the Kolmogorov-Smirnov (K-S) normality test at the p = 0.05 level (Figure 4a,b) . McKee et al. [18] suggested that the procedure of SPI can be applied to other variables relevant to drought, e.g., stream flow or groundwater. In addition to the gamma distribution, a range of other distributions (including those related to the gamma distribution) have been used to normalize hydrological time series, for example, Pearson Type III for precipitation [20, 21] , beta distributions and nonparametric approach kernel densities for soil moisture [22, 23] , log-normal for runoff [24] , and six three-parameter distributions (lognormal, Pearson Type III, log-logistic, general extreme value, generalized Pareto, and Weibull) for streamflow [25] .
Like many other hydrological time series, the distributions of monthly observed groundwater levels may not conform to a gamma distribution. However, due to the impact of auto-correlation, long-term trends, or human activities, groundwater level time series appear to be particularly irregular in the form of their distribution of monthly groundwater levels [12] . For example, the distribution of SGI calculated from groundwater level for #0029 groundwater observation in Yancheng City in June from 1989 to 2012 fitted gamma distribution well but failed to pass the Kolmogorov-Smirnov (K-S) normality test at the p = 0.05 level (Figure 4a,b) . Here we apply the normal scores transform. This approach has previously been used to estimate a standardized groundwater level in unconfined, consolidated aquifers in the United Kingdom [12] . This is a nonparametric normalization of data that assigns a value to the monthly groundwater levels based on their rank within groundwater levels for a given month from a hydrograph. The groundwater level time series is denoted as z ij for i = 1, 2 . . . , N and j = 1, 2 . . . , 12, where z ij is the groundwater level of the jth month of the ith year and N is the total number of years of the observation data. For a given month, the probability p i is determined based on the rank within the total years, then we apply the inverse normal cumulative distribution function to the p i values to get the SGI values. Figure 4c shows an example of groundwater level using normal scores transform for the #0029 groundwater level observation well in Yancheng City in June from 1989 to 2012. The results of this groundwater level observation well are close to the expected normal values (Figure 4d ). The SGI distribution that results from this transform will always pass the K-S normality test.
In summary, for each of the 40 wells, normalized indices are estimated from the groundwater level data for each calendar month using the normal scores transform. These normalized indices are then merged to form to a continuous SGI. For consistency between groundwater and precipitation indices, SPI are estimated using the normal scores transform applied to accumulated precipitation data for each calendar month. The accumulated precipitation for each month is determined from previous months. For instance, the three-month SPI calculated for January 1990 would have utilized the precipitation total of November 1989, December 1989, and January 1990 in order to calculate the index.
Drought Identification and Characteristics
The procedure described above helps with generating drought index values. The next step consists of identifying drought events and determining the characteristics of these events. The groundwater drought identification method adopted corresponds to the one proposed initially by McKee et al. (Table 2 ) [18] . A drought event is defined as a period in which the index is continuously negative and reaches a given threshold. Usually, there are three characteristics to describe the drought events, namely the frequency (or number of drought events), duration, and magnitude. The duration of a drought event is the number of months where the index is continuously negative. The magnitude of the event is the absolute value of the sum of index values during the event. The mean duration and mean magnitude are calculated to quantitatively compare drought characteristics at local and regional scale. The mean duration is calculated as the duration divided by the number of drought events, and the mean magnitude is calculated as the magnitude divided by the number of drought events, the results of which are presented in Sections 4.2.3 and 4.2.4.
Variance Correction Pre-Whitening Mann-Kendall Test
The Mann-Kendall (MK) test is one of the most widely used statistical tools to assess trends in time series. It is assumption of serial independence of data by the MK test. However, the hydrometerological data, in this study the groundwater level and the corresponding standardized groundwater index, are typically auto-correlated. The autocorrelation seriously interferes with the real type I error and the power of the test, potentially resulting in distorted results [26] . To mitigate this impact, some efforts focus on adjusting the original test to the auto-correlated data, commonly a pre-whitening (PW) approach, trend-free pre-whitening (TFPW). However, these approaches may be inadequate to analyze real data because of the high variance of slope estimators [27] . These problems were solving by involving the correction of both the slope and serial variances in the original TFPW approach, Variance Correction Pre-Whitening Method. The Variance Correction Pre-Whitening Mann Kendall method (VCPW-MK) [26] is used for trend detection in this study.
The Mann-Kendall statistic (S) is defined as:
where:
where n is the number of data points. For large samples (n > 10), the test is conducted using a normal distribution (Helsel and Hirsch [28] ) with the mean and the variance as follows:
where n is the number of tied (zero difference between compared values) regions, and t k is the number of data points in the kth tied region. The standard normal deviate (Z statistic) is then computed as:
If Z > 1.96 or Z < −1.96, the null hypothesis of no trend in the time series is rejected at the 95% significance level. Whereas Z > 1.96 means a significant increase, Z < −1.96 denotes a significant decrease.
The procedure of VCPW-MK method is outlined as follows:
Step 1. The initial slope estimator of linear trend β is estimated and removed from the original series:
Step 2. The lag-1 data autocorrelation coefficient estimator r 1 is computed from the detrended series. If r 1 is significant, the AR(1) component is removed [Equation (7)]; otherwise, the detrended series is independent, and the MK test is directly applied to the original series:
Step 3. The variances of A t and A t are estimated, yielding δ 2 A and δ 2 , respectively. A corrected trend-free pre-whitened series A t , which has the same variance as A t , is computed by
Step 4. The modified slope estimator β is computed for r 1 > 0 by introducing VIF. If r 1 ≤ 0, β = β is considered:
Step 5. Recombine A t with the modified trend component as
Step 6. The MK test is applied to the new transformed series X t .
Results
Overview of Droughts
To provide an overview of the development of meteorological droughts and groundwater droughts in the study area, the mean SPI and SGI for the entire region were analyzed. The mean SPI was calculated for each meteorological station then averaged to represent the study area, and so was SGI for each groundwater observation well. Figure 5a shows the cross correlation coefficient between mean SPI for precipitation accumulation periods q = 1 to 12 months and SGI, as well as the lags between SPI and SGI of 0 to 6 months. The maximum correlation (0.74) occurs when precipitation accumulation period is 3 months (SPI-3) and the lag is zero between SPI and SGI time series.
Water 2016, 8, 480 9 of 21 Figure 5a shows the cross correlation coefficient between mean SPI for precipitation accumulation periods q = 1 to 12 months and SGI, as well as the lags between SPI and SGI of 0 to 6 months. The maximum correlation (0.74) occurs when precipitation accumulation period is 3 months (SPI-3) and the lag is zero between SPI and SGI time series. Figure 5b shows the mean SPI-3 time series during the period from 1989 to 2012. As can be seen from Figure 5b , the lowest value of mean SPI-3 (−1.56) was found in January 2011, while the highest value of mean SPI-3 (1.67) was found in January 1998. There are seven moderately wet events and two severely wet events during the study period. Most moderate wet events happened after 2000, and the longest duration for such an event lasted nine months, from February to October 2003. Both severely wet events happened in the 1990s, with the longest duration lasting ten months from December 1997 to September 1998. As for drought, there are eight moderate drought events and three Jan-89 Jan-90 Jan-91 Jan-92 Jan-93 Jan-94 Jan-95 Jan-96 Jan-97 Jan-98 Jan-99 Jan-00 Jan-01 Jan-02 Jan-03 Jan-04 Jan-05 Jan-06 Jan-07 Jan-08 Jan-09 Jan-10 Jan-11 Jan-12
Jan-89 Jan-90 Jan-91 Jan-92 Jan-93 Jan-94 Jan-95 Jan-96 Jan-97 Jan-98 Jan-99 Jan-00 Jan-01 Jan-02 Jan-03 Jan-04 Jan-05 Jan-06 Jan-07 Jan-08 Jan-09 Jan-10 Jan-11 Jan-12 Figure 5b shows the mean SPI-3 time series during the period from 1989 to 2012. As can be seen from Figure 5b , the lowest value of mean SPI-3 (−1.56) was found in January 2011, while the highest value of mean SPI-3 (1.67) was found in January 1998. There are seven moderately wet events and two severely wet events during the study period. Most moderate wet events happened after 2000, and the longest duration for such an event lasted nine months, from February to October 2003. Both severely wet events happened in the 1990s, with the longest duration lasting ten months from December 1997 to September 1998. As for drought, there are eight moderate drought events and three severe drought events during the study period; the longest duration for moderate drought was twelve months from January to December 2004 and severe drought also lasted eight months from April to November 2001.
The overall trend of SPI-3 time series shows a slight linear decrease. The study area experienced persistent wetness from 1990 to 1991 and relative dryness between 1992 and 1997, then fluctuated between wetness and dryness during the period from 1998 to 2010 before moving towards dryness from 2011 to 2012 (Figure 5b) . Figure 5c shows the mean SGI time series during the study period. As can be seen from Figure 5c , the lowest value of mean SGI (−0.69) was identified in May 2011, while the highest value (1.08) was identified in June 1991. Due to the meteorological and hydrogeological conditions of Jiangsu Province, the average spatial groundwater level usually fluctuates within a range of 2 m, thus the SGI value ranges are less than SPI ranges. The mild groundwater droughts happened frequently and mostly concentrated in the mid-1990s and around the year 2011. There was one moderately wet event during the study period with a duration of nine months from February to October 1991. No severe groundwater drought was detected for the whole province.
The [15, 16] . It is inferred from these observations that the drought history of the study area is represented well by the averaged SPI-3 and SGI time series.
Although SGI was well correlated with SPI, these observations also highlight the differences in drought characteristics based on the averaged SPI-3 and SGI time series. For instance, groundwater drought occurred in June 1994 lasted to May 1996, while there were two mild meteorological wet events during the same period. Moreover, groundwater drought is of less intensity than corresponding meteorological droughts. Thus, there is a need to consider different variables in order to completely characterize droughts.
Groundwater Drought Characteristics
Statistic Trend Analyses of Groundwater Drought
The trends of groundwater drought were analyzed based on the VCPW-MK statistics of the SGIs for each observation well during the period from 1989 to 2012. The spatial patterns of trends in the SGI index in Jiangsu Province are displayed in Figure 6 . The trend tests detected a negative trend in the SGI series at 23 out of 40 stations (16 stations passed the 95% significance level) and a positive trend at 17 out of 40 stations (13 stations passed the 95% significance level).
Statistically significant negative trends of the SGI index towards dryer conditions were mainly found in the NW region (all four stations showed negative trend; all passed the significance test) and the central region (eight out of 14 stations showed negative trend and seven passed the significance test), whereas positive trends of SGI towards wetter conditions were mainly found in the NE region (nine out of 15 stations showed a positive trend and six stations passed the significance test); the southern region showed a non-significant dryer trend (five out of seven stations showed a negative trend, but only two stations passed the significance test). Figure 7 shows the spatial distributions of a number of different drought categories in Jiangsu Province during the study period. As shown in Figure 7a , small numbers of moderate drought events (less than six events during 1989-2012) are mainly found in the NE region, specifically the northern part of Lianyungang City and the center of Yancheng City, while the most moderate drought events (more than six events during 1989-2012) occurred in Xuzhou City, in the eastern part of Suqian City, and in the southern parts of Yancheng and Nantong City in the central region. It should be noted that no moderate groundwater drought was detected in Huai'an City (#8178), Yangzhou City (#6031), or Changzhou City (#3080).
Frequency of Drought
The numbers of moderate drought events ranged from 3 to 8 in the NW region (average 5.8), from 0 to 13 in the NE region (average 4.7), from 0 to 15 in the central region (average 6.2), and from 0 to 13 in the south region (average 7). The central and southern regions experienced more frequent moderate drought than the NW or NE regions.
As shown in Figure 7b , for all the groundwater stations in the province, at least one severe groundwater drought event was detected during the study period. A very low number of severe groundwater drought events were identified in Yancheng City (#0137 and #6031, both one event; #0028 and #0029, both two events), Yangzhou City (#6036, two events), and Xuzhou City (#9384, two events). A high number of severe groundwater drought events were identified in Yancheng City (#0127, 11 events), Yangzhou City (#6021, 10 events), and Nantong City (#7052, 10 events).
The numbers of severe drought events in the NW region ranged from 3 to 5 (average 3.8), from 2 to 6 in the NE region (average 3.7), from 1 to 11 in the central region (average 5.2), and from 4 to 10 in the southern region (average 7.1). The central and southern region experienced more frequent severe droughts than the NW and NE regions.
In general, the frequency of severe drought has a similar distribution to that of moderate drought, whereas the southern and central regions had more frequent droughts than the NW and NE regions. However, there are less severe drought events than moderate drought events in the study area except for the southern region. Figure 7 shows the spatial distributions of a number of different drought categories in Jiangsu Province during the study period. As shown in Figure 7a , small numbers of moderate drought events (less than six events during 1989-2012) are mainly found in the NE region, specifically the northern part of Lianyungang City and the center of Yancheng City, while the most moderate drought events (more than six events during 1989-2012) occurred in Xuzhou City, in the eastern part of Suqian City, and in the southern parts of Yancheng and Nantong City in the central region. It should be noted that no moderate groundwater drought was detected in Huai'an City (#8178), Yangzhou City (#6031), or Changzhou City (#3080).
In general, the frequency of severe drought has a similar distribution to that of moderate drought, whereas the southern and central regions had more frequent droughts than the NW and NE regions. However, there are less severe drought events than moderate drought events in the study area except for the southern region. 
Mean Duration of Drought
The spatial distributions of moderate and severe drought mean duration are shown in Figure 8 . As shown in Figure 8a , there are four groundwater level observation wells for which the mean moderate drought duration is shorter than three months and six groundwater level observation wells for which the mean moderate drought duration is longer than 12 months. The longest mean moderate duration is 19 months and is found in Yancheng City (#0029), and the mean duration for most stations in the province ranges from three to nine months. The mean moderate durations ranges from 7.2 to 14.7 months in the NW region (average 9.4 months), from 0 to 19 months in the NE region (average 8.2 months), from 0 to 13 months in the central region (average 6.5 months), and from 0 to 5.5 months in the southern region (average 3.7 months). Generally, the southern and central regions show shorter mean moderate drought durations than the northern part of the study area.
As shown in Figure 8b , there are three groundwater level observation wells with a mean severe drought duration shorter than six months and 23 wells with a mean severe drought duration longer 
The spatial distributions of moderate and severe drought mean duration are shown in Figure 8 . As shown in Figure 8a , there are four groundwater level observation wells for which the mean moderate drought duration is shorter than three months and six groundwater level observation wells for which the mean moderate drought duration is longer than 12 months. The longest mean moderate duration is 19 months and is found in Yancheng City (#0029), and the mean duration for most stations in the province ranges from three to nine months. 
As shown in Figure 8b , there are three groundwater level observation wells with a mean severe drought duration shorter than six months and 23 wells with a mean severe drought duration longer The mean moderate durations ranges from 7.2 to 14.7 months in the NW region (average 9.4 months), from 0 to 19 months in the NE region (average 8.2 months), from 0 to 13 months in the central region (average 6.5 months), and from 0 to 5.5 months in the southern region (average 3.7 months). Generally, the southern and central regions show shorter mean moderate drought durations than the northern part of the study area.
As shown in Figure 8b , there are three groundwater level observation wells with a mean severe drought duration shorter than six months and 23 wells with a mean severe drought duration longer than 12 months. The shortest mean severe duration event was 3.6 months and was observed in Yangzhou City (#6021), while the longest mean severe duration event was 79 months and was found in another well of the same city (#6031). For most groundwater wells in the province, the mean severe duration ranges from 12 to 24 months.
The mean severe durations in the NW region ranged from 10 to 24.3 months (average 15.2 months), from 7.6 to 31.3 months in the NE region (average 18 months), from 3.6 to 79 months in the central region (average 16.9 months), and from 5.2 to 16.7 months in the southern region (average 8.6 months). Generally, the southern region shows shorter mean moderate drought durations than the northern and central regions.
Overall, the spatial distributions of mean moderate and severe drought durations show contrasting patterns with those of mean moderate and severe drought frequencies. The central and southern region experience shorter mean moderate drought durations than the NW and NE regions; as for mean severe drought, the southern region shows shorter durations than the rest of the study area. However, the mean duration of severe drought is longer than that of moderate drought for all wells except #6010 in Yangzhou City (9 months of mean severe drought duration and 12 months of mean moderate drought duration).
Mean Magnitude of Drought
The magnitude integrates both the severity and the duration of the event considered. This index is in terms of months. Figure 9 shows the spatial distributions of the mean magnitude of moderate and severe drought. than 12 months. The shortest mean severe duration event was 3.6 months and was observed in Yangzhou City (#6021), while the longest mean severe duration event was 79 months and was found in another well of the same city (#6031). For most groundwater wells in the province, the mean severe duration ranges from 12 to 24 months. The mean severe durations in the NW region ranged from 10 to 24.3 months (average 15.2 months), from 7.6 to 31.3 months in the NE region (average 18 months), from 3.6 to 79 months in the central region (average 16.9 months), and from 5.2 to 16.7 months in the southern region (average 8.6 months). Generally, the southern region shows shorter mean moderate drought durations than the northern and central regions.
The magnitude integrates both the severity and the duration of the event considered. This index is in terms of months. Figure 9 shows the spatial distributions of the mean magnitude of moderate and severe drought.
(a) (b) Figure 9 . Mean magnitude of (a) moderate groundwater drought and (b) severe groundwater drought.
As can be seen in Figure 9a , mean moderate drought magnitude was less than 3 months for eight groundwater level observation wells and it was longer than 12 months for one groundwater observation well. The longest mean moderate magnitude was 13.4 months and was found in Yancheng City (#0029), and the majority mean moderate magnitude ranged from three to six months.
The mean moderate drought magnitude in the NW region ranges from 5.3 to 9.6 months (average 6.7), from 0 to 19 months in the NE region (average 8.2), from 0 to 8.2 months in the central region (average 4.7) and from 0 to 4.6 months in the southern region (average 2.8). Generally, the southern and central regions show less mean moderate drought magnitude than the northern part of the study area.
As can be seen in Figure 9b , mean severe drought magnitude was less than 3 months for one groundwater level observation well and it was longer than 12 months in 19 groundwater observation wells. The smallest mean severe drought magnitude was 2.9 months and was found in Lianyungang As can be seen in Figure 9a , mean moderate drought magnitude was less than 3 months for eight groundwater level observation wells and it was longer than 12 months for one groundwater observation well. The longest mean moderate magnitude was 13.4 months and was found in Yancheng City (#0029), and the majority mean moderate magnitude ranged from three to six months.
As can be seen in Figure 9b , mean severe drought magnitude was less than 3 months for one groundwater level observation well and it was longer than 12 months in 19 groundwater observation wells. The smallest mean severe drought magnitude was 2.9 months and was found in Lianyungang City (#L019), while the largest mean severe drought magnitude was 78.7 months in Yangzhou City (#6031). For most groundwater observation wells, mean severe magnitude ranges from 9 to 18 months.
The mean severe drought magnitude in the NW region ranged from 11.3 to 21 months (average 15.6), from 2.9 to 33.3 months in the NE region (average 18.1), from 4 to 78.7 months in the central region (average 17.7) and from 6.3 to 15 months in the southern region (average 8.7) . Generally, the south shows less mean severe drought magnitude than the northern and central regions. The spatial distributions of mean moderate and severe drought magnitude are similar to those of mean moderate and severe drought duration. The southern region and central region exhibit lower mean magnitude for moderate drought than the NW and NE regions; as for mean severe drought magnitude, the southern region shows lower mean magnitude than the rest of the study area. However, the mean magnitude of severe drought is larger than that of moderate drought.
Regional Characteristics of Groundwater Drought and Meteorological Drought
The SPI and SGI are computed at each station within the region, then averaged to represent the regional mean SPI and SGI for each sub-region. The cross-correlation between mean SGI and SPI for SPI accumulation periods of q = 1 to 12 months has been computed for each region and is shown in Figure 10 . The maximum cross-correlation coefficients between SGI and SPI are in the range of 0.52 to 0.68, with the highest coefficients of 0.68 associated with the central region and the lowest coefficients of 0.52 associated with the NW region. Moreover, the cross-correlation between groundwater drought and meteorological drought reaches its maximum at q = 5, 6 respectively in the NW and NE regions (0.52 and 0.66, respectively), and it sustains a high level for the SPI accumulation periods of q = 3 to 8 (around 0.5 and 0.6, respectively), while the cross-correlation reaches its maximum at q = 2 (0.68 and 0.67, respectively) then drops with an increase of the SPI accumulation periods in the central and southern regions. City (#L019), while the largest mean severe drought magnitude was 78.7 months in Yangzhou City (#6031). For most groundwater observation wells, mean severe magnitude ranges from 9 to 18 months. The mean severe drought magnitude in the NW region ranged from 11.3 to 21 months (average 15.6), from 2.9 to 33.3 months in the NE region (average 18.1), from 4 to 78.7 months in the central region (average 17.7) and from 6.3 to 15 months in the southern region (average 8.7). Generally, the south shows less mean severe drought magnitude than the northern and central regions. The spatial distributions of mean moderate and severe drought magnitude are similar to those of mean moderate and severe drought duration. The southern region and central region exhibit lower mean magnitude for moderate drought than the NW and NE regions; as for mean severe drought magnitude, the southern region shows lower mean magnitude than the rest of the study area. However, the mean magnitude of severe drought is larger than that of moderate drought.
The SPI and SGI are computed at each station within the region, then averaged to represent the regional mean SPI and SGI for each sub-region. The cross-correlation between mean SGI and SPI for SPI accumulation periods of q = 1 to 12 months has been computed for each region and is shown in Figure 10 . The maximum cross-correlation coefficients between SGI and SPI are in the range of 0.52 to 0.68, with the highest coefficients of 0.68 associated with the central region and the lowest coefficients of 0.52 associated with the NW region. Moreover, the cross-correlation between groundwater drought and meteorological drought reaches its maximum at q = 5, 6 respectively in the NW and NE regions (0.52 and 0.66, respectively), and it sustains a high level for the SPI accumulation periods of q = 3 to 8 (around 0.5 and 0.6, respectively), while the cross-correlation reaches its maximum at q = 2 (0.68 and 0.67, respectively) then drops with an increase of the SPI accumulation periods in the central and southern regions. The corresponding largest SPI accumulation periods, SPIq , and mean SGI time series for each region are shown in Figure 11 .
The SPIq time series in the study area can be divided into two patterns. The SPI-5 time series for the NW region and SPI-6 time series for the NE region show similar patterns. For example, the SPI-5 time series in both regions show high SPI values in the early 1990s and low values of SPI between 1992 and 1997, then fluctuate between wetness and dryness from 1998 to 2005, and then decrease after 2006. In contrast, the SPI-2 time series for the central and southern regions show broadly similar patterns: small cyclical 'dryness-wetness' patterns, with a dryness tendency before the twenty-first century and a tendency towards wetness at the beginning of the twenty-first century. The southern region experiences the most frequent moderately wet and moderate drought (12 and The corresponding largest SPI accumulation periods, SPIq max , and mean SGI time series for each region are shown in Figure 11 .
The SPIq max time series in the study area can be divided into two patterns. The SPI-5 time series for the NW region and SPI-6 time series for the NE region show similar patterns. For example, the SPI-5 time series in both regions show high SPI values in the early 1990s and low values of SPI between 1992 and 1997, then fluctuate between wetness and dryness from 1998 to 2005, and then decrease after 2006.
In contrast, the SPI-2 time series for the central and southern regions show broadly similar patterns: small cyclical 'dryness-wetness' patterns, with a dryness tendency before the twenty-first century and a tendency towards wetness at the beginning of the twenty-first century. The southern region experiences the most frequent moderately wet and moderate drought (12 and 15 events, respectively) , while the northwest region shows the lowest frequent moderate wetness with three events and the central region presents the lowest frequent moderate drought with seven events. As for the frequency of severe events, the central region exhibits the most frequency for both severely wet and severe drought (8 and 10 events, respectively) , whereas the northeast region shows the lowest frequent severe wetness and severe drought (both only one event). 15 events, respectively), while the northwest region shows the lowest frequent moderate wetness with three events and the central region presents the lowest frequent moderate drought with seven events. As for the frequency of severe events, the central region exhibits the most frequency for both severely wet and severe drought (8 and 10 events, respectively), whereas the northeast region shows the lowest frequent severe wetness and severe drought (both only one event). The mean SGI time series show clear distinctions between the four regions. Specifically, the NW region experiences a 'wetness-dryness' pattern, with wetness from 1990 to 1998 and dryness at the beginning of the twenty-first century. In contrast, the NE region experiences a 'dryness-wetness' pattern, with dryness from 1990 to 1997 and wetness after 1998. However, the central region shows relative wetness in the 1990s then exhibits relative dryness in the 2000s. Also, the southern region Jan-90 Jan-91 Jan-92 Jan-93 Jan-94 Jan-95 Jan-96 Jan-97 Jan-98 Jan-99 Jan-00 Jan-01 Jan-02 Jan-03 Jan-04 Jan-05 Jan-06 Jan-07 Jan-08 Jan-09 Jan-10 Jan-11 Jan-12
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In summary, different regions show differences in terms of the response of groundwater drought to meteorological drought. Specifically, the NE and NW regions show weaker correlation between groundwater drought and meteorological drought compared with the southern and central regions. For instance, the SPI-5 time series shows fluctuation between drought and wetness from 1992 to 1995 both in the NW region and the NE region, whereas the SGI time series shows persistent wetness in the NW region and long drought in the NE region during the same time period. In contrast, SPI-2 and the SGI time series are well correlated in the central and southern region. It is also interesting to note that different responses of groundwater drought to meteorological drought are detected in the central and southern regions; for example, the SPI-2 time series shows a similar pattern of fluctuating between wetness and dryness from 1990 to 1997 in the central and southern regions, while the SGI time series shows relative wetness in the central region and relative dryness in the southern region during the same time period.
The number of drought events, mean drought duration, and mean drought magnitude of the corresponding SPIq max and SGI for each region are analyzed in this study. The trends of region-averaged SGI and SPI are calculated and tested by the VCPW-MK method. As shown in Table 3 , decreasing trends for meteorological drought were observed in all four regions, but none passed the 95% significance level. An increasing trend for groundwater drought was only observed in the NE region, whereas decreasing trends were observed in the other regions. Specially, this trend in the NW region passed the 95% significance level, which is consistent with the findings in Section 4.2.1. The values of the negative trends for meteorological drought are in the range of −0.22 in the NE region and −1.40 in the NW region, while those for groundwater drought are in the range of −5.68 in the NW and 2.33 in the NE. The southern region experienced the most frequent moderate meteorological droughts (18 episodes) but low mean drought duration and low mean drought magnitude (3.4 and 2.6 months, respectively). Similarly, this region showed the most frequent moderate groundwater droughts (four episodes) with long mean drought durations (9.5 months) but low mean magnitude (5.7 months). In contrast, the NW region exhibited the lowest frequent moderate meteorological droughts (six episodes) but the longest mean drought duration and mean drought magnitude (10.2 and 6.9 months, respectively). In addition, this region showed a low frequency of groundwater drought with the longest mean drought durations (9.7 months) and mean magnitude (10.7 months). The frequencies of moderate meteorological and groundwater drought for the NE region were the same as those for the central region, while the mean drought duration and mean drought magnitude for the NE region are more than twice those of the central region. As for severe meteorological drought, the central region showed the most frequent meteorological droughts (10 events) which is twice that of the southern region (five events), whereas the mean meteorological drought duration and mean drought magnitude are similar to those of the southern region. In addition, the northeast region presents the lowest frequent meteorological droughts (one event) but the longest drought duration and mean drought magnitude (14 and 15.7 months, respectively).
Overall, Jiangsu Province experienced more frequent meteorological drought than groundwater drought for both moderate and severe droughts during the study period, while the mean duration and mean magnitude of groundwater drought were longer than those of the corresponding regional meteorological drought. In addition, there was a strong relationship between mean drought duration and magnitude for moderate drought, whereby longer mean durations of meteorological drought and groundwater drought were associated with droughts of greater mean magnitude. However, there is no such regular relationship for severe drought in the study area. As for severe meteorological drought, the mean duration in the central region (5.8 months) was longer than that in the southern region (5.6 months), while the mean magnitude in the central region (5.1 months) was lower than that in the southern region (5.7 months).
Discussion
In this study, the temporal and spatial characteristics of groundwater droughts were analyzed based on SGI in Jiangsu Province over the period of 1989 to 2012. We saw that there can be distinct differences in the characteristics of groundwater drought in terms of the number of drought events, the mean duration, and the mean magnitude. The central and southern regions experienced more frequent but shorter moderate drought durations than the NW and NE regions; as for mean severe drought durations, the southern region showed more frequent but shorter durations than the rest of the study area. Similarly, the southern region exhibited lower mean magnitude for moderate drought than the NW and NE regions; as for mean severe drought magnitude, the southern region showed lower mean magnitude than the rest of the study area. In summary, the results indicate that the southern region faced more frequent but less intense groundwater drought, while the NE region faced less frequent but more intense groundwater drought. Furthermore, the relationship between regional groundwater drought and meteorological drought is analyzed based on regional average SGI and SPI. The results are consistent with conceptual dynamics of drought propagation, i.e., attenuation, lag and lengthening [29] . Attenuation is smoothing of the maximum negative anomaly, lag describes the delay in the onset of the drought signal as it passes through the hydrological cycle, and lengthening extends the period of drought. There is evidence of a general attenuation of the regional mean SGI in four regions compared with regional mean SPI ( Figure 11 ). Lagging of groundwater drought behind meteorological drought is not so easy to quantify, which is sensitive to the accumulation period of SPI that most closely correlated with SGI. For example, the accumulation periods required to achieve maximum correlation between the SPI and SGI time series are five months required for the NW region, six months for the NE region, two months for the central region, and two months for the southern region, respectively. Table 3 summarizes the drought characteristics of four regions, and it demonstrates that groundwater droughts are lengthening in NE and south region.
An example of propagation from meteorological drought based on SPI-3 to groundwater drought based on SGI in the period of October 2010 to June 2011 is shown in Figure 12 . The figure uses a color scale associated with the original SPI classification proposed by McKee et al. [18] . As can be seen in Figure 12a , the 2011 meteorological drought started in December 2010 and the northern part of the study area reached a peak in December and January before an easing of the drought until June 2011, while the southern region experienced severe drought from January 2011 to May 2011 before a rather quick recovery in June. It can be seen in Figure 12b that several differences can be identified in the spatial evolution of groundwater drought. In general, most of the province experienced mild groundwater drought from October 2010 to June 2011. The severe meteorological drought from December 2010 to January 2011 brought about scattered moderate groundwater drought in the northern part of the study area, while the severe meteorological droughts in the southern region from January to April 2011 turned into regional moderate groundwater drought in March-May. This illustrates well the different responses of groundwater to precipitation in different regions during a very dry period. Table 2 .
The SGI is a normalized drought index for groundwater levels, building on an SPI-like method. The weaknesses inherent in the SPI approach were obviated when developing the SGI by using a non-parametric approach (the normal scores transform) to normalization of the groundwater level time series [12] . For example, SPI values are sensitive to the form of the probability distribution that is fitted to the observed data [5] , and the length of observation record will impact the SPI due to differences in the shape and scale parameters of the fitted gamma (or other) distribution [30] . Because the non-parametric normal scores transform is based on the rank of the groundwater level time series when estimating SGI rather than fitting gamma or another distribution to groundwater level time series, SGI is more robust than SPI for different length of records. However, the values of SGI may still vary with the length of the groundwater level time series, so the longer length of time series are preferred.
It is also noted that the number of precipitation stations in a region used for calculation of SPI has an effect on the detected characteristics. For instance, in the central region 15 moderate meteorological drought events were detected by SPI calculated from Dongtai station, while it represented 10 events by SPI of Gaoyou station. The moderate drought frequency detected by average SPI of the above two stations was 10 events, 33.3% less than that detected by a single station (Dongtai). In contrast, the moderate drought frequency detected from all stations in the NE and southern regions was more than that index from only one station. The central region exhibited 9 and 10 severe meteorological drought events by SPI from Dongtai and Gaoyou station, respectively, and less than that detected by the average of two stations. The severe drought frequency detected from all the four stations in the NE and southern regions was less than that index from only one station. The variations of drought duration and magnitude were similar to that of the frequency in these three regions.
The present study has analyzed the groundwater drought characteristics, building on the standardized index proposed by Bloomfield and Marchant. Unlike those who investigated the crosscorrelation between groundwater drought and meteorological drought at 14 wells in unconfined Table 2 .
The present study has analyzed the groundwater drought characteristics, building on the standardized index proposed by Bloomfield and Marchant. Unlike those who investigated the cross-correlation between groundwater drought and meteorological drought at 14 wells in unconfined consolidated aquifers in the United Kingdom, the present study has investigated the character of groundwater drought in unconsolidated aquifers in Jiangsu Province and the response of groundwater drought to meteorological drought at a regional scale. Understanding the differences in groundwater drought response to meteorological drought among different regions is extremely useful for planning and designing applications of drought monitoring and prediction, as droughts usually occur at the regional scale.
Conclusions
This study applied standardized indices to precipitation and groundwater level observed in unconsolidated aquifers in Jiangsu Province, China during the period from 1989 to 2012. Groundwater drought characteristics were identified at local observation wells in order to detect regional differences and the response to meteorological drought at the regional scale. The findings are listed as follows:
1. Although the mean SPI and SGI for the entire region showed good correlation, there were clear discrepancies between the SGI and SPI. This reveals a mitigation process from meteorological droughts to groundwater droughts; therefore, there is a need to consider different variables in order to completely characterize droughts. 2. Groundwater drought showed different regional characteristics in this study area. Statistically significant negative trends of SGI index towards dryer conditions were mainly found in the NW and central regions, whereas positive trends of SGI towards wetter conditions were mainly found in the NE region; the southern region showed a nonsignificant dryer trend. 3. The frequency of severe drought had a similar distribution to that of moderate drought, with the southern and central regions showing higher frequency than the NW and NE regions. The spatial distributions of mean moderate and severe drought durations showed contrasting patterns to those of mean moderate and severe drought frequencies. The central and southern regions experienced shorter mean moderate drought durations than the NW and NE regions; as for mean severe drought, the southern region showed shorter duration than the rest of the study area. In addition, the spatial distributions of mean moderate and severe drought magnitude were similar to those of mean moderate and severe drought duration. The southern region exhibited lower mean magnitude for moderate drought than the NW and NE regions; as for mean severe drought magnitude, the southern region showed a lower mean magnitude than the rest of the study area. 4. Different regions showed differences in terms of the response of groundwater drought to meteorological drought. Specifically, the NE and NW regions showed weaker correlations between groundwater drought and meteorological drought compared with the southern and central regions. 5. Jiangsu Province experienced more frequent meteorological drought than groundwater drought for both moderate and severe droughts during the study period, while the mean duration and mean magnitude of groundwater drought were longer than those of corresponding regional meteorological drought. In addition, there was a strong relationship between mean drought duration and magnitude for moderate drought, whereby longer episodes of meteorological and groundwater drought were associated with droughts of greater magnitude. However, there was no such regular relationship for severe drought in the study area. 
